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Proton-transport catalysis, proton abstraction, and proton exchange
in HF¿HOC¿ and H2O¿HOC¿ and analogous deuterated reactions
Michael A. Collinsa) and Leo Radom
Research School of Chemistry, Australian National University, Canberra, ACT 0200, Australia
~Received 11 November 2002; accepted 21 January 2003!
Classical simulations of the reactions of HF and H2O with HOC1 have been carried out on
interpolated ab initio potential energy surfaces. Rearrangement (X1HOC1→OCH11X),
abstraction (X1HOC1→XH11OC), ~X5HF or H2O), exchange ~e.g., DY1HOC1→HY
1DOC1), and exchange-rearrangement ~e.g., DY1HOC1→OCD11YH) ~Y5F or HO or DO!
reactions are observed. However, the abstraction reaction is dominant for both the HF1HOC1 and
H2O1HOC1 systems. © 2003 American Institute of Physics. @DOI: 10.1063/1.1559480#
I. INTRODUCTION
There is a substantial barrier of about 160 kJ mol21
separating the isoformyl cation (HOC1) from its much more
stable isomer, the formyl cation (OCH1).1–11 While the iso-
lated isoformyl cation is relatively stable,8–10,12–17 the barrier
for the rearrangement of HOC1 to OCH1 is substantially
reduced, or in some cases even eliminated, during a collision
with an appropriate neutral molecule ~X!.1,10,11,14,18 This is an
example of what Bohme has described as catalyzed proton
transport,19 or what may be referred to more generally as
ion-transport catalysis.20
The proton affinity of the collider ~X! is important be-
cause complexation of X with HOC1 weakens the HflO
bond, thus facilitating the rearrangement,18
X1HOC1→@XHflOC#1→@OCflHX#1→OCH11X.
~1.1!
A systematic theoretical study,18 found that when X has a
proton affinity less than that of CO at either O or C ~e.g.,
X5He, Ne, and Ar!, the barrier to rearrangement is reduced
but not eliminated. In cases where X has a proton affinity
lying between that of CO at O and C ~e.g., X5HF!, the
barrier disappears. Finally, for molecules X with a proton
affinity greater than that of CO at O or C ~e.g., X5H2O), the
barrier for rearrangement also disappears, but in such cases
an alternative reaction, hydrogen abstraction, is energetically
preferred,
X1HOC1→XH11OC. ~1.2!
In a recent paper,21 we examined the dynamical conse-
quences of lowering but not eliminating the barrier to rear-
rangement in collisions of HOC1 with three rare gases ~X
5Ne, Ar, and Kr!. Ab initio potential energy surfaces ~PESs!
were constructed for each collider, and classical trajectory
studies of the collisions were carried out. For Ne1HOC1,
the barrier to rearrangement is very high and rearrangement
is thus impractical. However, for Ar1HOC1, and particu-
larly for Kr1HOC1, the barrier is sufficiently low that cross
sections for the rearrangement reaction could be evaluated.
Interestingly, it was found that once the collision energy is
sufficiently high for the abstraction reaction ~1.2! to be fea-
sible, this process competes with and dominates the
energetically-preferred rearrangement reaction ~1.1!.
In this paper, we examine the collision of HOC1 with
HF and H2O where the rearrangement and abstraction reac-
tions are expected to be more facile on energetic grounds.
There is also the possibility of additional reactions, namely,
the exchange ~1.3 and 1.4! and exchange-rearrangement ~1.5
and 1.6! reactions ~Y5F or HO or DO!,
DY1HOC1→HY1DOC1, ~1.3!
HY1DOC1→DY1HOC1, ~1.4!
DY1HOC1→OCD11YH, ~1.5!
HY1DOC1→OCH11YD. ~1.6!
In order to examine theoretically the competition between
reactions ~1.1!–~1.6!, global ab initio PESs have been con-
structed for HF1HOC1 and H2O1HOC1 using interpola-
tion methods.22–27 The construction of potential energy sur-
faces for these two systems represents a very demanding task
for a number of reasons. First, there are three asymptotic
channels in these systems ~including the reactants! and there
is the possibility of complicated motion involved in ex-
change, so that the range of molecular configurations that
must be described is large. Second, the energy range in-
volved in these ion–molecule reactions is also relatively
large. Finally, when this work was initiated, there had been
no previous attempts to construct completely ab initio global
potential energy surfaces for systems of more than four at-
oms, although subsequently an interpolated PES has been
constructed for triazine at the B-LYP level of theory.28
The paper is constructed as follows: Section II briefly
reviews the results of an earlier ab initio study18 that formed
the basis for choosing the electronic structure approach.
Here, we also briefly describe the interpolation method and
iterative scheme used to construct the PES from the ab initio
calculations. Section III presents our results including the
basic topology of the PESs as described by the minimum
energy paths for these reactions, the classical cross sections
for reactions ~1.1!–~1.6!, and mechanistic information fora!Electronic mail: collins@rsc.anu.edu.au
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these reactions that comes from a consideration of the energy
distributions in the products and other quantities obtained
from the trajectory simulations. Section IV presents some
concluding remarks.
II. POTENTIAL ENERGY SURFACES
A. Levels of ab initio theory
The ab initio PES calculations reported herein have been
carried out using the GAUSSIAN 94 and GAUSSIAN 98 suites of
programs29,30 and have employed spin-restricted ~R! formal-
isms.
A previous systematic ab initio study of the @HFHOC#1,
@H2OHOC#1, and related systems18 showed that the
MP2/6-31G** level of theory predicts the geometries of the
various stationary points on the PES to reasonable accuracy.
These optimized geometries are displayed in Fig. 1. Accurate
evaluation of the energies of these stationary points requires
higher levels of theory, and a modification of the composite
G2 method, termed G2**, was found to be appropriate in
this regard.18 Although the energies of stationary points for
@HFHOC#1 and @H2OHOC#1 at the MP2/6-31G** level of
theory can differ from the values given by G2** calculations
by tens of kJ mol21 ~see Table I!, the energy range of these
features on the PES is sufficiently large ~about 270 kJ mol21
for @HFHOC#1 and about 360 kJ mol21 for @H2OHOC#1 that
the MP2/6-31G** surfaces are adequate approximations to
the exact PES. We note that the MP2/6-31G** relative ener-
gies of the stationary points in Table I reproduce the G2**
results quite well, except that the relative energy of the
COH1 reactant is too high at the lower level of theory. Since
construction of each PES requires evaluation of the energy
gradients and second derivatives at more than 1000 configu-
rations for these systems, we have adopted MP2/6-31G** as
a suitable compromise level for the computations for
@HFHOC#1 and @H2OHOC#1. Since both of these ion–
molecule reactions are barrierless, it is likely that the total
reaction cross sections are mainly determined by the long
range attractive forces between the reactants, rather than the
relative energies of the reactants and products. The overesti-
mate of the energy of the COH1 reactant will lead to a
higher energy available to the products than would be the
case at the G2** level of theory.
B. Form of the potential energy surface
The detailed formulation of the interpolated PES for sys-
tems of more than four atoms has been presented
TABLE I. Calculated relative energies ~kJ mol21! for stationary points on
the @HFHOC#1 and @H2OHOC#1 potential energy surfaces.
Species MP2/6-31G** MP2/6-31G** a G2** a,b
HF1HOC1 0 0 0
HFflHflOC1 2177 2169 2132
TS ~III! 2113 2107 269
OCflHflFH1 2278 2267 2224
OCH11FH 2188 2180 2158
H2F11OC 293 289 250
H2O1HOC1 0 0 0
H2OflHflOC1 2340 2321 2288
TS ~III! 2309 2294 2258
OCflHflOH21 2373 2355 2312
OCH11OH2 2188 2180 2158
H3O11OC 2300 2287 2252
aIncluding zero-point vibrational energies.
bFrom Ref. 18.
FIG. 1. Schematic representation of stationary points
on the potential energy surfaces for @HFHOC#1 and
@H2OHOC#1. The geometries have been optimized at
the MP2/6-31G** level of theory.
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previously,23,26,27,31 and a recent review32 provides a more
concise exposition, so only a brief description is presented
here.
The PES is given by a weighted average of Taylor ex-
pansions centered at data points scattered throughout the
configuration space of the system,22–27
V5 (
gPG
(
i51
Ndata
wg+iTg+i . ~2.1!
The second-order Taylor expansion, Ti , is assigned a
weight, wi , that gives the contribution of the ith Taylor ex-
pansion to the potential energy at each molecular configura-
tion. In Eq. ~2.1!, G denotes the symmetry group of the mol-
ecule, here the complete nuclear permutation inversion
~CNPI! group, and g+i denotes that the ith data point is trans-
formed by the group element g. The sum over gPG means
that all permutationally-equivalent data points are included
in the data set, the energy derivatives at permuted data points
being simple permutations of the original derivatives at each
of the Ndata geometries where ab initio calculations were
performed. The data set is ‘‘symmetrized,’’ so that the PES of
Eq. ~2.1! exhibits the full molecular symmetry. The form of
the Taylor expansion26 and that of the weight function27 have
been described elsewhere. The weight function uses confi-
dence lengths that were evaluated using an energy tolerance,
E tol50.52 kJ mol21, and energy gradients at M data points
(M536 for @HFHOC#1 and M572 for @H2OHOC#1, see
Ref. 27 for definitions of E tol and M ).
C. Iterative development of the PES
The location of the data points in Eq. ~2.1! has been
determined using the iterative methods developed
previously.22,23,26 In summary, an initial set of data points is
chosen to lie on or near the paths for reactions ~1.1! and
~1.2!, the latter being obtained simply by minimizing the
molecular energy ~using GAUSSIAN 94 or GAUSSIAN 98! begin-
ning at the asymptotic configurations and the known18
saddle-points, structures III of Fig. 1. An initial data set of
geometries ~106 for @HFHOC#1 and 101 for @H2OHOC#1! is
selected from these minimizations. The potential of Eq. ~2.1!
is then well-defined in the vicinity of the reaction paths.
Classical trajectories are evaluated, with initial conditions
appropriate to the reactants, to explore the relevant region of
configuration space. Molecular configurations encountered
during these trajectories are recorded, and one or more of
these configurations are then chosen to be a new data point.
The ab initio energy, gradient and second derivatives are
evaluated at that point which is added to the data set, gener-
ating a new version of the PES. This process of simulating
the reaction~s!, choosing a configuration, performing the ab
initio calculations and adding a new data point to the set is
repeated again and again until the PESs are ‘‘converged.’’
Convergence is established by performing large-scale classi-
cal simulations of the reaction~s! of interest and evaluating
the reaction cross sections for surfaces with an increasing
number of data points. Once the values of the reaction cross
sections do not change significantly with increasing size of
the data set, the PESs are taken to be converged.
The methods for choosing a new data point at each it-
eration have been discussed in detail elsewhere.26 The ‘‘vari-
ance sampling’’ method places data points at configurations
where the uncertainty in Eq. ~2.1! is highest. The ‘‘h weight’’
method attempts to place data in regions where the trajecto-
ries often visit, but where few data points are already present.
Both ‘‘variance sampling’’ and ‘‘h weight’’ methods were
employed.
D. Computational details
All classical trajectories performed, both during the it-
erative construction of the PES and to evaluate the scattering
dynamics, were carried out using the standard methods pre-
viously detailed.23–26 A step size of 1 – 2.5310217 s was
used in the velocity-Verlet integration algorithm.33 Because
of the long-range ion–dipole interaction between the reac-
tants, the reactants were initially separated by 25.4 Å ~48
ao). Trajectories were terminated when any bond length ex-
ceeded the initial separation of the reactants while the mo-
lecular fragments were separating ~rather than coming closer
together!. The maximum impact parameter was 3.6 Å ~7 ao)
during the construction of the PESs, and 9.0 Å ~17 ao) for
evaluation of reaction cross sections for @HFHOC#1 and 10.1
Å ~19 ao) for @H2OHOC#1. Smaller impact parameters are
used during the construction of the PESs to ensure that the
molecular configurations encountered during the trajectories
included close contact between the reactants. No type of mo-
lecular configuration is excluded by this approach, so that the
PESs and resultant cross sections do not explicitly depend on
the use of small impact parameters during the construction
phase. All reactant molecules were given an initial microca-
nonical distribution of vibrational energy, for a total energy
roughly approximating the value of the zero-point energy:
34.9 kJ mol21 for HOC1, 28.2 kJ mol21 for DOC1, 25.1
kJ mol21 for HF, 17.7 kJ mol21 for DF, 57.5 kJ mol21 for
H2O, and 40.7 kJ mol21 for D2O. Random initial velocities
and configurations for the atoms in each fragment were
evaluated using the efficient microcanonical sampling
method of Schranz et al.34 The molecular fragments were
initially randomly oriented and given zero rotational angular
momentum, using a program also initially due to Schranz.
The initial relative translational energy of the reactants was
set to 13.1 kJ mol21 ~5 mhartree! for all trajectories used in
the construction of PESs and for evaluation of the cross sec-
tions. To ensure that the product regions of the surface were
adequately explored during the iterative construction of the
PES, trajectories were also evaluated with initial configura-
tions corresponding to XH11OC and X1OCH1 ~X5HF or
H2O). The initial vibrational energy was taken to be 51.2
kJ mol21 for FH2
1
, 118.1 kJ mol21 for H3O1, and 17.8
kJ mol21 for CO.
For HF1HOC1, the PES construction was iterated until
the data set contained 1357 points. The twelve-dimensional
PES for H2O1HOC1 was iteratively constructed until the
data set contained 3047 points.
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E. Accuracy of the interpolation
Some indication of the interpolation error remaining in
the final PES can be gained from considering the average
interpolation error in a sample of molecular configurations. A
total of 1000 molecular configurations were generated by
random sampling of configurations encountered in classical
trajectories for @HFHOC#1 and 828 configurations for
@H2OHOC#1. The ab initio energy was evaluated at each
configuration and compared with the value given by the in-
terpolated PES. The final PESs have average interpolation
errors, in these samples, of 1.5 and 3.5 kJ mol21, respec-
tively. These average errors represent 0.45% and 0.81%, re-
spectively, of the energy ranges of these sampled configura-
tions. The average relative error for the @H2OHOC#1 PES is
larger than that achieved for four-atom systems. However,
interpolated PESs with a comparably high level of accuracy
~,1% mean relative error! have been found to be sufficiently
accurate to describe classical reaction rate coefficients.35–38
III. RESULTS AND DISCUSSION
A. Minimum energy paths
Figure 2 presents the energy profiles along the minimum
energy paths for reactions ~1.1! and ~1.2!, for X5Kr,21 HF,
and H2O. These paths were obtained from the interpolated
PES by following the paths of steepest descent in mass-
weighted Cartesian coordinates that lead from various saddle
points on the surface and from the asymptotic configurations.
The reaction coordinate employed in the figures is a path
length S, for which dS5idRi , where R is the vector of
atom–atom distances. The arbitrary origins and directions
for each segment of the path have been adjusted for pictorial
convenience. The Roman numerals associate the stationary
points on these paths with the corresponding geometries
shown in Fig. 1. These three figures show that the barrier to
rearrangement of HOC1 ~represented by the energies of
structure III! lies above the energy of the entrance channel
for collision with Kr but is lowered to a value below the
energy of the entrance channel for collision with HF and
lowered still further for collision with H2O. In addition, the
energy of the rearrangement product, OCH11X, is the low-
est energy product for X5Kr and HF, but not for X5H2O.
B. Reaction cross sections
Table II presents the reaction cross sections, calculated
from classical trajectories as described above. Ensembles of
1000 trajectories were employed for each reaction except for
HF1DOC1, where 2000 trajectories were evaluated. The
convergence of the PESs was tested by comparing the cross
sections with values obtained with fewer data points. For
example, using data sets of 1357, 1257, and 1157 data points,
respectively, the HF1COD1 reaction produced the following
cross sections ~in Å2, with estimated standard deviations!:
HFD11CO, 14963, 15064, 15564; OCD11FH, 961,
1061, 961; OCH11FD, 761, 861, 661; DF1HOC1,
~0.1!, ~0.5!, ~0.0!. Similarly, using data sets of 3047, 2918,
and 2767 data points, respectively, the H2O1COH1 reaction
produced the following cross sections ~Å2!: H3O11CO,
21065, 21565, 21865; OCH11OH2, ~0.3!, ~1.0!, ~1.0!.
In every case, the cross section for hydrogen or deute-
rium abstraction is large. This is very likely due to a large
‘‘capture’’ cross section induced by the long-range ion–
dipole interaction. Figure 3 shows the total probability of
reactions ~1.1!–~1.6! for HF1HOC1 and H2O1HOC1 as a
function of the impact parameter for the collision ~the impact
parameter is the initial displacement of the paths of the col-
liding molecules; it is the distance at which the reactants
would pass by one another if there were no forces between
them; it was calculated from the same trajectories as used to
evaluate Table II!. It is clear that a collision below some
critical impact parameter leads to a reaction with near unit
FIG. 2. The energy profiles along minimum energy paths on the @HFHOC#1
and @H2OHOC#1 surfaces are compared with that for @KrHOC#1 ~see Ref.
21! as a function of a reaction coordinate ~see text!. The labeled stationary
points are displayed in Fig. 1.
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efficiency, as would be expected for long-range capture and
subsequent reaction without a barrier.
For the @HFHOC#1 system, isomerization of HOC1 ~or
DOC1), reaction ~1.1!, is a significant minor pathway ~see
Table I!. Rearrangement with exchange, reactions ~1.5! and
~1.6!, has a somewhat smaller cross section but is still a
significant minor pathway for the deuterated analogs of
HF1HOC1. These observations are consistent with colli-
sions that are sufficiently ‘‘long-lived’’ to allow mixing or
scrambling of the light, labile atoms. Inspection of individual
trajectories verifies that such collisions are commonplace.
However, simple ‘‘direct’’ collisions, in which the H or D
atom is abstracted in a glancing collision, are also very com-
mon.
Direct abstraction is the overwhelmingly dominant pro-
cess for the @H2OHOC#1 system. While both isomerization
and arrangement with exchange are observed, the cross sec-
tions for both processes are lower by about an order of mag-
nitude than for the corresponding reactions in the
@HFHOC#1 system, even though the total reaction cross sec-
tion is larger. Simple exchange of the H or D atom at oxygen,
reactions ~1.3! and ~1.4!, was observed for the @HFHOC#1
system, but not for the @H2OHOC#1 system ~at least in 1000
trajectories!.
In comparison, isomerization is the dominant process in
Kr1HOC1 collisions at low energy, where the abstraction
channel is closed.21 However, the reaction cross section for
isomerization is only a few square angstroms. Abstraction
becomes the major channel in this system when the energy is
raised sufficiently for this process to be energetically al-
lowed.
C. Energy distributions and mechanism
In order to further investigate the mechanism of the ab-
straction reaction, it is useful to consider first the resultant
distribution of energy and angular momentum in the prod-
ucts. Figure 4 presents the distribution of the relative kinetic
energy of the separating abstraction products for HF1DOC1
and H2O1DOC1. The mean relative kinetic energy is
44623 kJ mol21 for the HFD1 plus CO products, and
81644 kJ mol21 for H2OD1 plus CO. This represents about
28% of the classically available energy for HFD1 plus CO
and about 20% for H2OD1 plus CO ~see Table I and Sec.
II D!. Thus, while about 115 kJ mol21 of the total energy is
TABLE II. Total cross sections for products formed from the reactions of
HF1HOC1 and H2O1HOC1 and deuterated analogs.a
Reactants Products Cross section ~Å2!
HF1HOC1 H2F11OC 15764
OCH11FH 1162
DF1HOC1 DHF11OC 15864
OCH11FD 962
OCD11FH 361
HF1DOC1 ~0.8!
HF1DOC1 HFD11OC 14963
OCD11FH 961
OCH11FD 761
DF1HOC1 ~0.1!
H2O1HOC1 H3O11OC 21065
OCH11OH2 ~0.3!
D2O1HOC1 D2OH11OC 21665
OCH11OD2 ~1.0!
OCD11ODH ~0.6!
HDO1DOC1 ~0!
H2O1DOC1 H2OD11OC 21465
OCD11OH2 ~0.6!
OCH11ODH ~1.6!
HDO1HOC1 ~0!
aError bars represent one standard deviation. Values in parentheses are too
small to allow an estimate of the uncertainty.
FIG. 3. The total probability of reactions ~1.1!–~1.6! for HF1HOC1 ~d!
and H2O1HOC1 ~s! is shown as a function of the impact parameter for the
collision. The relative frequencies were obtained with an impact parameter
bin size of about 0.52 Å, and the error bars represent the estimated standard
deviation of the probability of reactive trajectories as a fraction of all tra-
jectories in the bin.
FIG. 4. The distribution for the relative kinetic energy of the separating
abstraction products for HF1DOC1 ~d! and H2O1DOC1 ~s!. The relative
frequencies were obtained with a bin size of 10 kJ mol21.
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directed towards vibration and rotation of the HFD1 and CO
products, about 319 kJ mol21 is directed to vibration and
rotation of the H2OD1 and CO products. Figure 5 shows the
distribution of rotational angular momentum in the abstrac-
tion products from the HF1DOC1 and H2O1DOC1 colli-
sions. Both abstraction products are more rotationally ex-
cited for the collision with H2O than with HF. The mean
angular momentum for CO is 21 \ for the @HFHOC#1 sys-
tem and 26 \ for the @H2OHOC#1 system. Similarly, HFD1
is produced with an average angular momentum of 11 \,
compared with 20 \ for H2OD1.
It is natural to inquire whether the abstraction mecha-
nism differs significantly between these two systems in such
a way as to produce these differences in the product distri-
butions. The reaction paths of Fig. 2 do not suggest any
particular critical configuration for the abstraction process.
The reaction occurs without a barrier in both cases, so there
is no obvious transition state. As an alternative, we can ask
what geometry has the breaking HflO bond in HOC1
stretched to be the same length as the forming FflH or
OflH bond in the protonated product? Figure 6 presents the
distribution of lengths for the breaking HflO bond in HOC1
when this length equals that of the forming bond ~as calcu-
lated from an ensemble of reactive trajectories for both the
@HFHOC#1 and @H2OHOC#1 systems!. The average length
of the HflO bond is about 1.2560.07 Å for the @HFHOC#1
system and 1.3460.08 Å for @H2OHOC#1. Two observations
are apparent. First, according to this picture, the proton trans-
fer to H2O occurs at slightly longer range than to HF. Sec-
ond, the standard deviation of the bond length distributions is
small in both systems. Apparently, the proton transfer is
characterized by a relatively well defined bond length. Figure
7 shows the distribution of FHO angles ~for @HFHOC#1) and
OHO angles ~for @H2OHOC#1) corresponding to the same
geometries as in Fig. 6. The average angles are about 160
613° in both cases. Since the probability distribution for a
bond angle, u, with random atomic positions, is proportional
FIG. 5. The distribution of total rotational angular momentum in the ab-
straction products, ~a! CO and ~b! HFD1 and H2OD1, is shown for
HF1DOC1 ~d! and H2O1DOC1 ~s!. The relative frequencies were ob-
tained with a bin size of 8 \ in ~a! and 5 \ in ~b!.
FIG. 6. The distribution of breaking HflO bond lengths ~see text! in
HF1HOC1 ~d! and H2O1HOC1 ~s!. The relative frequencies were ob-
tained with a bin size of about 0.037 Å.
FIG. 7. The distribution of FHO and OHO bond angles ~see text! in
HF1HOC1 ~d! and H2O1HOC1 ~s!, respectively, for the same geom-
etries as used in Fig. 6. The relative frequencies were obtained with a bin
size of 5°.
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to sin~u!, it is clear that a near-collinear FHO or OHO geom-
etry is strongly preferred at this ‘‘point of proton transfer.’’
The abstraction reaction thus appears to take place pref-
erentially at near-collinear configurations with similar bond
lengths in both systems. However, although the HflO bond
lengths and FHO/OHO angles are fairly well defined at this
‘‘bond-breaking’’ configuration, there is a broad distribution
of molecular configurations, as evidenced by the variation of
the potential energy at this point of proton transfer, shown in
Fig. 8. The mean potential energy for @HFHOC#1 at these
bond-breaking configurations is 2106627 kJ mol21. This
mean energy is about 13 kJ mol21 below the equilibrium
energy of the reaction products but about 71 kJ mol21 above
the local minimum energy @HFflHflOC#1 configuration.
The corresponding mean potential energy is 2185648
kJ mol21 for @H2OHOC#1. This is about 115 kJ mol21 above
the equilibrium energy of the reaction products and about
155 kJ mol21 above the local minimum energy
@H2OflHflOC#1 configuration.
The optimized structures in Fig. 1 show that the proton
in HOC1 is closer to the acceptor, HF or H2O, than to OC at
the local minimum, XflHflOC1 ~II!, in the entrance chan-
nel. Hence, we could reasonably view the ‘‘point of proton
transfer’’ as residing in the entrance valley, on the reactant
‘‘side’’ of the minimum. For @HFHOC#1, this point in the
entrance valley lies below the energy of the separated prod-
ucts. Hence, it is reasonable to expect that there is a propen-
sity for some temporary trapping of reactive trajectories in
the ion–molecule complex. In contrast, the ‘‘point of proton
transfer’’ lies higher in energy than the separated products
for the @H2OHOC#1 system. The energy at this point is well
above that of the minimum in the entrance valley, and at a
longer OflH bond length than for @HFHOC#1. Hence, al-
though the average energy of the ‘‘point of proton transfer’’
is much lower in absolute terms for @H2OHOC#1 than for
@HFHOC#1, it is reasonable to describe proton transfer as
taking place ‘‘earlier’’ in the entrance valley for @H2OHOC#1
than for @HFHOC#1.
To investigate the duration of the collisions, we have
evaluated the length of time that each trajectory spends with
the two molecular fragments in close proximity. If Rclose is
the average of the FflO and FflC separations in @HFHOC#1
~or the corresponding OflO and OflC separations in
@H2OHOC#1, then Tclose is ~arbitrarily! defined to be the
length of time for which Rclose,3.44 Å ~6.5 a.u.! during a
trajectory. For ensembles of trajectories under the same con-
ditions above, the average value of Tclose for trajectories
leading to abstraction is 132 fs for @HFHOC#1 and 84 fs for
@H2OHOC#1. Moreover, for the @H2OHOC#1 system, Tclose
50 for all nonreactive trajectories, while about 15% of non-
reactive trajectories for @HFHOC#1 were trapped for an av-
erage of 240 fs. Clearly, temporary trapping in the ion–
molecule complex is a significant factor in the dynamics of
@HFHOC#1 but not of @H2OHOC#1.
The higher proton affinity of H2O compared with that of
HF, is shown by the larger exothermicity of the abstraction
reaction for H2O. It is also plausible that this difference in
proton affinity leads to proton transfer at a larger OflO dis-
tance than OflF distance and ‘‘earlier’’ in the entrance chan-
nel. As a consequence, proton transfer takes place above the
energy of the products for the @H2OCOC#1 system, but be-
low this energy for @HFHOC#1. Part of the energy available
from the reaction therefore produces a high relative velocity
for the separating fragments of @H2OHOC#1, so that, without
a barrier to surmount, the ion–molecule complex is short-
lived or not formed in any meaningful sense. The exchange
and isomerization reactions are therefore unlikely in
@H2OHOC#1. For @HFHOC#1, proton transfer takes place at
a similar, slightly more compressed, geometry than it does
for @H2OHOC#1, but at an energy below that of the sepa-
rated products. Hence, we could characterize this location as
within the ion–molecule well. Separation of the fragments is
slightly impeded, sometimes long enough for isomerization
and exchange processes to occur.
From this point of view, one might ask why the reaction
products are more strongly internally excited for
@H2OHOC#1 than for @HFHOC#1. Without attempting a
quantitative response to this question, it is useful to observe
that ~a! there are three more internal modes available for
@H2OHOC#1; ~b! the total energy available from the exother-
micity of the reaction is very much larger for @H2OHOC#1;
and ~c! the more sudden proton transfer to H2O than to HF
may result in higher excitation of the products than is the
case for @HFHOC#1. Some evidence for this suggestion is
given by Fig. 8. The broad potential energy distribution for
@H2OHOC#1 at the point of proton transfer might indicate
that the structure of @H2OflH#1 at the point of proton trans-
fer is far from the equilibrium structure of H3O1. If so, one
would expect a highly vibrationally excited H3O1 product.
IV. CONCLUDING REMARKS
We have constructed ab initio molecular potential energy
surfaces and carried out classical trajectory simulations to
FIG. 8. The distribution of the potential energy in HF1HOC1 ~d! and
H2O1HOC1 ~s!, respectively, calculated at the same geometries as used in
Fig. 6. The relative frequencies were obtained with a bin size of 25
kJ mol21.
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study proton rearrangement, proton abstraction, and proton
exchange in the reaction HF1HOC1 and H2O1HOC1, and
analogous deuterated reactions. The trajectory study shows
that abstraction is the overwhelmingly dominant process in
both systems, even though rearrangement to form the formyl
cation is the energetically favored product in the case of
HF1HOC1 collisions. It might be inferred that entropic fac-
tors are dominant over enthalpic factors. More simply, we
might say that the abstraction reaction can occur in a
straightforward or direct manner that does not involve com-
plicated molecular rearrangements in the ion–molecule com-
plex. For both systems, abstraction appears to occur early in
the reaction path so that the ion–molecule complex is not
always formed for HF1HOC1 collisions, and only rarely
formed in H2O1HOC1 collisions.
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